or higher taxonomic levels but not at the intraspecific level (Kress and Erikson, 2007) . With this, a barcode DNA region could discriminate species from each other and should clarify subgenera and sections within a genus. In this respect, nucleotide sequences of matK, rpoC1 rpoB, trnH-PsbA rbcL, atpF-atpH, and psbK-psbI and their combinations were recently tested for barcoding plant species by the Consortium for the Barcode of Life (CBOL) Plant Working Group (Hollingsworth et al., 2009 ) and matK and rbcL were accepted as a 2-locus DNA barcode. The matK DNA region has been tested for discrimination of many plant species as a single barcode region or in combination with other proposed plant barcode sequences in recent studies (Lahaye et al., 2008; Burgess et al., 2011; De Mattia et al., 2011; Du et al., 2011; Gu et al. 2011; Guo et al., 2011; Li et al., 2011; Pang et al., 2011; Seberg et al., 2012; Bandara et al., 2013) . matK as a barcode DNA has advantages of effective species discrimination power, high quality sequence recovery, easy experimental procedures and sequence alignment, and lack of allelic polymorphisms or multiple paralogous copies compared to nuclear DNA regions (Lahaye et al., 2008; Hollingsworth et al., 2009; Burgess et al., 2011) .
The integration of matK sequences into Allium phylogeny could improve phylogenetic reconstruction of this genus. However, applicability of the nucleotide sequence of matK for phylogenetic analysis in Allium was tested in only a single study using several species (Son et al., 2010) . The purpose of the current study was to test the utility of nucleotide sequences of matK for discrimination of Allium species and to compare phylogenetic tree topologies of matK and ITS analyses.
Materials and methods

Plant materials
For both ITS and matK analyses, Allium species from 12 sections in 8 subgenera [based on the passport information in the Germplasm Resources Information Network (GRIN) of the US Department of Agriculture Agricultural Research Service (USDA-ARS)] were used for phylogenetic analyses. Nucleotide sequences of matK from 63 accessions and nucleotide sequences of ITS from 62 accessions in 32 Allium species were characterized for phylogenetic analysis (Table) . Accessions of A. cepa, A. tuncelianum, A. sativum (cv. Kastamonu) , and A. porrum (Porrum-1) were collected from Turkey. The rest of the accessions were obtained from the US Department of Agriculture, Western Region Plant Introduction Station, Pullman, WA, USA (Table) . 
Plant propagation and DNA sampling
Seeds from each accession, or cloves of clonally propagated Allium sativum accessions, were planted into 2-L pots. Leaf samples were collected from 1-3 individual plants from each accession at 3-5 leaf stages and they were freeze-dried for 3 days. DNA samples were extracted from 100 mg of lyophilized and powdered leaf samples using a modified CTAB method and the concentrations of DNA samples were adjusted to 30 ng/µL (Ipek et al., 2003) .
ITS analysis
ITS regions (ITS-1, 5.8S rDNA subunit, ITS-2) were amplified using a primer combination of ITSA and ITSB (Blattner, 1999) . Each 20-µL polymerase chain reaction (PCR) contained 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.4 µM of each primer, 1 U of Taq DNA polymerase (PanVera, Madison, WI, USA) with supplied reaction buffer at 1X concentration, and 45 ng of template DNA. Thermal cycle conditions for the ITS region were performed according to protocol described by Ipek et al. (2008) . PCR products of the ITS region were size fractionated by electrophoresing through 1.5% (w/ν) agarose gel in 1X TAE buffer (40 mM Tris-acetate, pH 8.0, and 1 mM EDTA). Gels were stained with ethidium bromide (0.5 mg mL -1 ) (Sigma, St Louis, MO, USA) and visualized digitally. PCR-amplified DNA fragments of the ITS region were excised and eluted from agarose gels and cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA) by using procedures described by Ipek et al. (2005 Ipek et al. ( , 2006 . Three bacterial colonies from each purified and cloned PCR product were subjected to PCR amplification using T7 and SP6 universal primers of the cloning vector using the same reaction and thermal cycling condition described above. PCR products diluted 10 times with sterile ddH2O were used for sequencing reactions.
matK analysis
Polymerase chain reactions for the matK region contained the same components as described above. Thermal cycle conditions for the matK region were carried out in accordance with the method described by Cuénoud et al. (2002) using the same primer pair (390F 5'-CGATCTATTCATTCAATATTTC-3' and 1326R 5'-TCTAGCACACGAAAGTCGAAGT-3'). Briefly, reactions were heated to 94 °C for 1 min for initial denaturation and exposed to 26 cycles of 94 °C for 1 min, 48 °C for 30 s, and 72 °C for 1 min, with a final extension of 7 min at 72 °C. PCR-amplified DNA fragments of the matK region were directly used in sequencing reactions after 10× dilution with sterile ddH2O.
Sequencing
Taq DNA polymerase (Applied Biosystems, Foster City, CA, USA) cycle-sequencing reactions were performed according to the conditions recommended by Applied Biosystems with reagents using a fluorescent-dye terminator, but using half-volume reactions. Products of cycle sequencing reactions were run on a PE-Biosystem 377 XL (Applied Biosystems) automated DNA sequencing instrument at the Biotechnology Center of the University of Wisconsin, Madison, WI, USA. Both ITS and matK regions were sequenced in both directions. For all PCR reactions, the GeneAmp PCR System 2700 (Applied Biosystems) was used.
Data analysis
Sequences of ITS and matK regions were manually edited with CHROMAS v.2.31 (Technelysium Pty. Ltd., South Brisbane, Australia) and aligned by using CodonCode Aligner 3.7.1 software (CodonCode Corporation, Centerville, MA, USA). No manual adjustment in the alignment of the nucleotide sequences for the ITS region was made to avoid introducing subjective bias.
Aligned ITS and matK sequences were evaluated with bootstrap analysis (2000 replicates) (Felsenstein, 1985) and Kimura (1980) distances were calculated to construct a neighbor-joining (NJ) dendrogram using the TREECON v. 1.3b program (van de Peer and de Wachter, 1994) with the program defaults. The NJ trees were visualized using TREECON.
Aligned ITS and matK sequences were also used for the maximum parsimony (MP) method. MP trees were obtained using the tree-bisection-regrafting (TBR) algorithm (Nei and Kumar, 2000) with search level 1, in which the initial trees were obtained by the random addition of sequences (10 replicates). MP trees were tested with bootstrap analysis (1000 replicates). Branch lengths of MP trees were calculated using the average pathway method (Nei and Kumar, 2000) and are in the units of the number of changes over the whole sequence. All positions containing gaps in ITS sequences were eliminated. MP analyses were conducted using the program MEGA5 (Tamura et al., 2011) .
The nucleotide sequences of ITS region (gi:11595756) (Friesen et al., 2000b) and matK (gi:345132216) (Shackelford and Fay, 2012) of Nothoscordum bivalve L. were obtained from the GenBank databases at the National Center for Biotechnology Information (NCBI) and were included in the analyses for rooting the NJ and MP trees.
Results
The NJ tree developed using Kimura (1980) distances based on nucleotide sequences of the ITS region had a similar topology as the MP tree, shown in Figure 1 . Phylogenetic tree based on NJ analysis of Kimura (1980) distances of the nucleotide sequences of the matK region was topologically similar to MP tree in Figure 2 . However, trees generated by NJ and MP analyses differed in their branch-length values (data not presented). Phylogenetic analysis of 32 Allium species based on the nucleotide sequences of ITS region. Most parsimonious tree was developed using the TBR algorithm (Nei and Kumar, 2000) . Numbers next to the branches are the bootstrap test values. The scale is the branch lengths calculated using the average pathway method (Nei and Kumar, 2000) .
Phylogenetic analyses based on the nucleotide sequences of ITS and matK generally discriminated subgenera and sections in the genus Allium, although some accessions of a species were placed outside of the section (Figures 1 and 2 ). For example, 2 accessions belong to section Allium, PI 483425 (A. porrum) and PI 576937 (A. rotundum subsp. rotundum), were placed outside of the section Allium clade.
Figure 2. Phylogenetic analysis of 32
Allium species based on the nucleotide sequences of matK region. Most parsimonious tree was developed using the TBR algorithm (Nei and Kumar, 2000) . Numbers next to the branches are the bootstrap test values. The scale is the branch lengths calculated using the average pathway method (Nei and Kumar, 2000) .
Although the ITS region separated most of the species in the genus Allium from each other, some closely related species could not be discriminated (Figure 1) (Figure 1) . To check for possible mixture during the analysis, DNA samples from 2 more independent plants of PI 371878 (A. ramosum) were analyzed and the results were same. In another case, 1 accession of A. hymenorrhizum Ledeb. (PI 485591) was sister to accessions of A. amphibolum Ledeb. and A. lineare L. but another accession of A. hymenorrhizum (PI 576906) was more distantly related ( Figure 1 ). All accessions of A. sativum were located in the same clade but the presence of paralogous sequences of the ITS region were detected in 3 A. sativum accessions (DDR7116, PI 493118, and cv. Kastamonu) (Figure 1) .
Although most of the species were also discriminated by matK, some closely related species could not be distinguished (Figure 2 ). For example, accessions of A. tuberosum and A. ramosum were placed in the same clade with no clear differences. matK analysis also confirmed mixtures. For instance, different accessions of A. cernuum Roth were placed in distant clades. A DNA sample from 1 more independent plant of PI 372503 (A. cernuum) was also analyzed to check for mixture during the experimental procedures, but the result was same.
Topologies of the phylogenetic trees based on matK and ITS regions were similar, but there were some Allium species that were placed in different clades with ITS or matK analysis. For example, ITS analysis placed A. ramosum accessions PI 576926 and PI 264799 into the clade of section Butomissa with the accession of A. tuberosum (Figure 1) . However, matK analysis placed PI 576926 into the clade of section Cepa (Figure 2) . Similarly, an accession (W6 12755) of A. pskemense and an accession (W6 12754) of A. oschaninii were placed into the clade of section Cepa by ITS analysis (Figure 1 ), but these accessions were clustered in a phylogenetically distant group by matK analysis (Figure 2 ). These differences between ITS and matK analyses were probably due to the interspecific hybridization between the Allium species.
Discussion
Previously, the ITS region was suggested for phylogenetic analysis in plant species (Baldwin et al., 1995; Dubouzet and Shinoda, 1999; Chen et al., 2010; Dirmenci et al., 2010; Dündar et al., 2013) . Recently, nucleotide sequences of some DNA regions in the plastid genome (matK, rpoC1 rpoB, and their combinations were tested for barcoding plant species. Among these DNA regions, matK and rbcL were accepted as a 2-locus DNA barcode by the CBOL Plant Working Group (Hollingsworth et al., 2009) . Polymorphisms in barcode nucleotide sequences at interspecific or higher taxonomic levels are desired, but not at the intraspecific level. In this way, an unknown plant accession can be assigned to a species by comparing the nucleotide sequences of the barcode DNA region (Hebert et al., 2003; Stoeckle, 2003; Kress and Erikson, 2008; Pang et al., 2011) . In addition, the DNA region for barcoding should be highly recoverable, should have a high percentage of species resolution, and should be cost-effective (Burgess et al., 2011) . In this study, utility of the nucleotide sequences of matK was tested as a DNA barcode for discrimination of the Allium species and was compared with the previously suggested ITS region. According to our results, ITS and matK regions were both easy to amplify with PCR. Species resolution of both DNA regions was similar because the topologies of trees of ITS and matK were similar. Both DNA regions generally separated sections in Allium. However, several species could not be discriminated from each other by either ITS or matK regions. On the other hand, the ITS region requires cloning before sequencing because of the allelic polymorphisms (presence of insertion/deletion, single nucleotide polymorphism), pseudogenes, and paralogous copies of the ITS region in a plant species (Buckler et al., 1997; Denduangboripant and Cronk, 2000; Kita and Ito, 2000; Bailey et al., 2003; Li et al., 2004; Razafimandimbison et al., 2004; Ruggiero and Procaccini, 2004; King and Roalson, 2008) . In our study, the nucleotide sequences of ITS ranged from 720 bp in A. pskemense (W6 12754) to 748 bp in A. cernuum (W6 20304). Allelic polymorphisms and paralogous copies of the ITS region complicate sequence characterization without cloning. However, the requirement for cloning increases costs and labor significantly for sequence characterization of ITS region. On the other hand, there was no allelic polymorphism or insertion/deletion in the matK region within a plastid genome of Allium species in this study and the size of the matK region was 857 bp in all Allium species. Therefore, we were able to efficiently amplify and sequence-characterize the matK region without cloning.
Genetic relationships among 9 Allium species were recently analyzed using the polymorphisms within the nucleotide sequences of trnH-psbA, ITS, and matK (Son et al., 2010) . The authors reported the presence of more than 1 haplotype in both organellar and nuclear genomes in a single plant of the Allium species, which makes phylogenetic analysis and barcoding impossible using the nucleotide sequences of these DNA regions. In contrast, we observed only 1 haplotype in each plant of Allium species for matK in the plastid genome. Although it is not common, there were 2 paralogous copies of the ITS region in a single plant of 3 accessions of A. sativum (DDR7116, PI 493118, and cv. Kastamonu) (Figure 1) .
Phylogenetic relationships among Allium species based on both ITS and matK analyses were in agreement with the previous studies using the ITS region and restriction enzyme analysis of the chloroplast genome (Havey, 1992; Gurushidze et al., 2007; Li et al., 2010) . Previously, A. vavilovii and A. cepa were grouped together without any polymorphism by Havey (1992) and closely clustered by Gurushidze et al. (2007) . Similarly, A. cepa and A. vavilovii were closely clustered with both ITS and matK analyses in this study. An accession of A. oschaninii (PI 292163) was also closely clustered with A. cepa and A. vavilovii, but another accession of A. oschaninii (W6 12754) was closely grouped with A. pskemense. Accessions of A. oschaninii and A. pskemense were more closely related in the study of Gurushidze et al. (2007) . Although A. roylei Stearn was classified under Allium subgenus Polyprason section Oreiprason according to the passport information in the GRIN of the USDA-ARS, this species was closely grouped with other Allium species in subgenus Cepa section Cepa with both ITS and matK analyses. The same result was also obtained in previous studies (Havey, 1992; Gurushidze et al., 2007; Li et al., 2010) .
Two accessions of A. cepa were placed into the same clade by ITS analysis (Figure 1 ). On the other hand, with matK analysis, 1 accession of A. cepa was closely related to A. oschaninii but another accession of this species was located in a sister cluster with A. roylei (Figure 2) . In A. cepa, cytoplasmic genetic male sterility was utilized for hybrid seed production. In this male sterility system, expression of male sterility requires sterile cytoplasm (S or T). Havey (1993) suggested that sterile cytoplasm might be an alien cytoplasm that could be the result of interspecific hybridization. This accession was obtained from a local market in Bursa, Turkey, and could be a hybrid onion cultivar with sterile cytoplasm. Indeed, PCR analyses with 2 different PCR-based markers developed by Sato (1998) and Engelke et al. (2003) demonstrated that this A. cepa accession had "S" cytoplasm (data not presented). In addition, these markers were also amplified within the genome of A. roylei and the sizes of the PCR-amplified DNA fragment were similar to that of "S" cytoplasm in A. cepa. PCR-amplified DNA fragments of these markers in "S" cytoplasm of A. cepa and A. roylei were sequencecharacterized. Comparison of the nucleotide sequences of the PCR-amplified DNA fragments of these markers demonstrated the presence of small insertion/deletion and single nucleotide polymorphisms. Our observation of an A. cepa accession that was phylogenetically more closely related to A. roylei confirms the possibility of the foreign origin of "S" cytoplasm of A. cepa, and the progenitor species of "S" cytoplasm could be a species phylogenetically closely related to A. roylei.
Our results suggested that Allium species in subgenera Polyprason and Reticulatobulbosa were closely related. Similarly, in a previous study, it was demonstrated that species in these subgenera had close phylogenetic relationships (Li et al., 2010) . All accessions of Allium species in subgenus Rhizirideum section Rhizirideum were clustered in the same clade (Figures 1 and 2) . However, 2 accessions from subgenus Allium section Allium, 1 accession from subgenus Melanocrommyum section Acanthoprason, and 1 accession from subgenus Amerallium section Lophioprason were also grouped in the clade of subgenus Rhizirideum section Rhizirideum with both ITS and matK analyses. This result indicates the presence of mixtures in these accessions. Accessions belonging to subgenus Allium section Allium were clustered in a clade and supported by a 100% bootstrap value. Three accessions of A. tuberosum and 2 accessions of A. ramosum in subgenus Butomissa section Butomissa were clustered in a distant clade. Because of the great morphological similarity between A. tuberosum and A. ramosum, Hanelt (2001) merged both into A. ramosum, but Blattner and Friesen (2006) proposed to keep both taxa as separate species. Although our results based on the matK and ITS regions also suggested that these species were phylogenetically closely related, analysis of ITS region discriminated these 2 species, but there was no polymorphism between the matK regions of A. ramosum and A. tuberosum (Figures 1 and 2) . A. cernuum in subgenus Amerallium section Lopioprasum was the most distant species from the rest of the Allium species analyzed in this study.
In conclusion, based on ITS and matK analyses, phylogenetic relationships among Allium species analyzed in this study were in agreement with previous studies (Havey, 1992; Gurushidze et al., 2007; Li et al., 2010) . However, the presence of mixtures in some accessions of Allium species analyzed was observed. Although the topology of phylogenetic trees based on ITS and matK analyses were similar in this study and ITS has served well for phylogenetic analysis for the genus Allium, we suggest use of matK as an additional tool for phylogenetic analysis in Allium because characterization of the nucleotide sequences of the matK region was easier to recover and more cost-effective than those of ITS region.
